1] During the EU Project PartEmis, the microphysical properties of aircraft combustion aerosol were investigated. This study is focused on the ability of exhaust aerosols to act as cloud condensation nuclei (CCN). The combustor was operated at two different conditions representing old and modern aircraft engine technology. CCN concentrations were measured with the University of Vienna CCN counter [Giebl et al., 2002] at supersaturations around 0.7%. The activation ratio (fraction of CCN in total aerosol) depended on the fuel sulphur content (FSC) and also on the operation conditions. CCN/CN ratios increased from 0.93 through 1.43 to 5.15 Á 10 À3 (old cruise conditions) and 0.67 through 3.04 to 7.94 Á 10 À3 (modern cruise conditions) when FSC increased from 50 through 410 to1270 mg/g. The activation behaviour was modelled using classical theories and with a semi-empirical model [Gysel et al., 2003 ] based on measured hygroscopicity of the aerosol under subsaturated conditions, which gave the best agreement.
Introduction
[2] Emissions of particles by aircraft contribute to the aerosol in the upper troposphere and lowermost stratosphere (UTLS) and are currently under intense investigation [IPCC, 2001] . Insoluble carbonaceous particles emitted from aircraft engines play an important role in contrail formation [Kärcher, 1999] and have a high potential to initiate cirrus cloud formation via heterogeneous freezing processes. They require saturation ratios close to unity with respect to liquid water at typical UTLS temperatures for ice nuclei (IN) activation. A coating with H 2 SO 4 reduces the critical saturation ratio considerably [DeMott et al., 1997] .
[3] Previous laboratory studies investigated the activation ratio R act (defined as the number fraction of CCN) in combustion aerosols at liquid water supersaturations 1%. Reported values of the R act vary from 0.008 [Hudson et al., 1991] to 0.3 [Whitefield et al., 1993] . In situ measurements in aircraft plumes yielded R act from 0.01 [Pitchford et al., 1991] to 0.5 [Hudson and Xie, 1998 ] at a supersaturation of 0.8-1.0%. Comparable measurements for IN activation are not available. A maximum IN-R act of about 0.2 was estimated from near field measurements in an aircraft plume [Petzold et al., 1997] .
[4] In the framework of the PartEmis project (Wilson et al., Measurement and prediction of emissions of aerosols and gaseous precursors from gas turbine engines (PartEmis): an experimental overview, submitted to Aerospace Science and Technology, 2003, hereinafter referred to as Wilson et al., submitted manuscript, 2003) the effect of operation conditions and fuel sulphur content (FSC) on the microphysical and chemical properties of the emitted particles was investigated. This paper will focus on the CCN activation of combustion aerosol particles. Microphysical and chemical properties [Petzold et al., 2003] and the hydration properties at water subsaturated conditions [Gysel et al., 2003 ] are investigated elsewhere.
Experimental Methods
[5] The combustor of the QinetiQ TRACE engine (Wilson et al., submitted manuscript, 2003) was operated at two conditions with different inlet temperatures representing the gas path temperatures of older (T = 566K, ''old operating conditions'') and more modern (T = 766K, ''modern operating conditions'') jet engines. Fuels with three different sulphur contents (FSC; 50, 410 and 1270 mg g À1 ) were used. A sampling probe was moved stepwise with 11 different positions through the combustor exit plane. Each sampling condition ( probe position, FSC and operation condition) was assigned a test point number. The exhaust gas was cooled immediately to 150°C. Part of this cooled exhaust was diluted ca. 70 ms after entering the sampling probe by a factor of about 65 using pre-filtered ambient air which resulted in a sample temperature between 20 and 25°C, relative humidity 10% and pressure of 1020 -1050 hPa). All instruments providing data for this study were sampling from the diluted line. The travel time of the aerosol between the sampling ports of the CN and humidity and volatility DMAs and the CCN counter was ca. 0.2 sec. Because of the high dilution and large line diameter (21.2 mm), no appreciable losses of particles are expected between the sampling ports, so the data should be comparable.
[6] The CCN concentration was measured at supersaturations S between 0.53 and 0.75% in the diluted sample stream with the University of Vienna cloud condensation nuclei counter (CCNC-UniV [Giebl et al., 2002] ), which is based on a static thermal diffusion chamber. CCN that can be activated at the selected S grow to large (>10 mm) droplets which are illuminated by a laser beam, photographed with a CCD camera (sampling frequency of 15/sec) and counted on-line. The counting efficiency was 1.0 ± 0.09.
Theoretical Models
3.1. Classical Models (Köhler, Kelvin, Coated Sphere)
[7] CCN are a subset of the atmospheric aerosol and are defined as particles that undergo (theoretically) unlimited growth when exposed to a water vapour supersaturation equal to or larger than a specified S in a CCN counter. The equilibrium size of soluble particles is described by Köhler theory, while Kelvin theory describes the equilibrium diameter for insoluble but wettable particles [e.g., Pruppacher and Klett, 1997] . In this paper, we used the equations given by Giebl et al. [2002] to calculate the activation diameters of soluble and insoluble particles for the S set in the CCNC. As the predominantly insoluble combustion particles are known to contain also some volatile, semivolatile, and water soluble material, we used also a modified Köhler equation for a particle with an insoluble core and a coating of a soluble substance (coated sphere model) [Pruppacher and Klett, 1997 ]. Volatility measurements [Petzold et al., 2003] gave volatile mass fractions of 1, 3 and 5% for low, mid and high FSC in the size range of CCN.
[8] All the models described in this section assume spherical particles or aqueous solution droplets containing only a single solute with well defined physico-chemical properties. In the case of our measurements, neither the full chemical composition of the material nor the variation in chemical composition of particles in a narrow size class are known, so we assumed the volatile and/or soluble material to be H 2 SO 4 .
HTDMA Model
[9] The humidity growth of the combustion aerosol was investigated under subsaturated conditions [Gysel et al., 2003 ] with a hygroscopicity tandem differential mobility analyser (H-TDMA) for size fractions 30, 50 and 100 nm. Experimental growth factors were fitted by a semi-empirical model (HTDMA model), assuming an insoluble core with a H 2 SO 4 shell of variable thickness. Potential restructuring of the core was also included. Estimates of the volume fraction e of H 2 SO 4 showed a marked decrease of e for increasing particle size. The e were similar to or smaller than the volatile fractions (e.g. for particles of D = 100 nm, e = 0.2, 1.2, and 3% for modern cruise conditions and low, medium, and high FSC) in the size range of measured activation diameters. Extrapolation of modelled growth curves to supersaturated conditions yielded size dependent critical S values, which were used to estimate CCN concentrations (details in Gysel et al. [2003] ). Error bars in Figure 3 indicate the sensitivity of CCN estimates to lower and upper limits of HTDMA model parameters.
Results

Measured and Modelled CCN Activation
[10] CCN concentrations were measured at each test point. At the beginning of the measurement period, S was unstable because of technical reasons. The first five data points for old cruise conditions and low FSC are therefore not considered in the discussion of CCN properties. As expected, the CCN concentration increased with increasing FSC (see Figure 3 below, concentrations multiplied by the dilution ratio for comparability with other studies). The most interesting parameters for activation studies, however, are the activation ratio R act and the apparent activation diameter, which is the minimum diameter of a dry combustion particle that may be activated as a CCN at a certain supersaturation.
[11] During PartEmis, the total CN concentration (d 10 nm) was measured with CN counters [Petzold et al., 2003 ] and the number size distribution was measured with an SMPS system (Scanning Mobility Particle Spectrometer, [Wilson et al., submitted manuscript, 2003] for all test points and fitted with lognormal functions. In general, the shape of all measured distributions was found to be rather similar. Both the average value over all probe positions and the standard deviation of the count median diameter (CMD, see Table 1 ) of these fitted distributions depended only very weakly on operation conditions or FSC. At the large particle end, however, where concentrations are very low, the measured data points scattered widely. As potential CCN have sizes in this range, the measured distributions were used rather than the fitted lognormal ones to calculate R act and the apparent activation diameter.
[12] As a first step, an apparent activation diameter (CCN-D) was obtained from the measured size distributions as the lower cut size leading to number concentrations equal to the measured CCN concentrations. CCN-D decrease from 237 and 301 nm at low FSC to 147 and 146 nm at high FSC for old and modern cruise conditions, respectively. Activation diameters were also calculated for all models. Table 1 shows these diameters as averages over all probe positions for each operation condition and all models, while Figure 1 gives the values for all the test points.
[13] The Köhler model (H 2 SO 4 particles) predicts critical diameters that are distinctly (80% to 90%) smaller than The count median diameters (CMD) of the number size distributions and the activation ratios (fractions of CCN-activated particles relative to the total particle concentration) are also given. a Volatile fractions 1, 3, and 5% for low, medium and high FSC.
measured CCN-D which is expected because large combustion particles are not completely water soluble. The assumption of completely insoluble particles (Kelvin model) provides the largest critical diameters. Kelvin-D are 26 and 8% at low FSC and 98 and 98% at high FSC larger than CCN-D under old and modern conditions. This indicates that the soluble fraction of the particles increases from low FSC to high FSC level. The coated sphere model (Coated-D) underestimates critical diameters by 45 to 55% under all conditions. The HTDMA model (HTDMA-D) provides the best predictions of CCN-D. HTDMA-D agrees within ±16% with CCN-D at low and medium FSC. At high FSC HTDMA-D are 36% smaller than CCN-D.
[14] The effect of cruise conditions on the CCN-D is unclear (see Table 1 and Figure 1) . Differences between old and modern cruise conditions are +26, À10, and À1% at low, medium and high FSC. Similar trends were observed for hygroscopic properties under subsaturated conditions [Gysel et al., 2003] , which is reflected by differences of predicted HTDMA-D between old and modern cruise conditions of +5.4, À25, and À1% for low, medium and high FSC.
[15] The ratio (R act ) of measured CCN concentrations to the total number concentrations of particles !10 nm was calculated for all conditions. For modeling R act , estimated CCN concentrations obtained by summing the size distributions using the activation diameters as lower cut size were used. Figure 2 shows measured as well as the modelled R act for all test points. The measured R act at low FSC are near the Kelvin R act and increase with increasing FSC without reaching R act calculated with the coated sphere model.
[16] Compared to typical ambient atmospheric aerosols, where CCN/CN ratios are of the order of 0.2 to 0.6 for maritime air and 0.004 to 0.02 for continental air [Pruppacher and Klett, 1997] , measured R act in the combustor exhaust is low with values around 0.001 at low and mid FSC and 0.01 at high FSC (see Table 1 ). The values are within the range given in the literature (see Introduction) for combustion and aircraft aerosol, but significantly lower than 0.3 as found by Whitefield et al. [1993] for ca. 1000 ppm FSC and 0.5 [Hudson and Xie, 1998 ]. Part of this difference could be due to different S (the high literature values were obtained for S = 0.8-1%) or FSC (not always reported).
Estimated CCN Concentrations
[17] As an example, estimated CCN concentrations are shown in Figure 3 
Discussion
[18] The measured R act and activation diameters depend on the FSC. CCN-D decreases with increasing fuel sulphur content. These findings agree well with the hygroscopic behaviour at subsaturated conditions [Gysel et al., 2003] . All calculated activation diameters are in the size range (ca. 30 -300 nm) where the aerosol was found to be completely internally mixed with respect to volatile and semivolatile material [Petzold et al., 2003] as well as to their hygroscopic behaviour [Gysel et al., 2003] .
[19] Regarding all FSC, the coated sphere model reproduces CCN-D best among the classical models, but predicted values are 45 to 55% smaller. In the case of R act , the Kelvin model gives the best fit among the classical models under low FSC and also at medium FSC and old cruise conditions. On the other hand, the HTDMA model, which uses parameters measured under subsaturated conditions, gives the best fit to the measured data under all conditions.
[20] Several interpretations of these findings are possible. Calculations of the activation diameter of spherical particles coated with 1% H 2 SO 4 showed that the thickness of the shell would be only 0.43 and 0.46 nm (for old and modern conditions), which is insufficient for coating the insoluble core with a monolayer of H 2 SO 4 molecules. At medium and high FSC, the layer thickness is 1 nm and 1.3 nm. In both these cases, contiguous H 2 SO 4 layers are theoretically possible. If the soluble material is not distributed evenly among all particles in the size range of possible CCN, only the particles with the largest fractions of this material will be activated. The combustion particles collected at 150°C contain about 30% OC by mass [Petzold et al., 2003] . Some of this OC could be water soluble and/or surface active or could form a surface film that might inhibit water uptake to some extent. The presence of soluble material other than H 2 SO 4 will influence the activation behaviour of combustion particles, but the available information is insufficient to predict this influence.
Summary and Conclusions
[21] In the combustion aerosol, measured CCN (at %0.7% supersaturation) activation ratios R act depended on FSC. An increase of FSC by a factor of 25 resulted in an increase of the R act by a factor of 12. The R act determined in this experiment are 0.001 and 0.008 at low and high FSC,, which is low compared to literature values. Except for the low FSC case, the more modern operation conditions produced R act that were nearly twice as high as those for the old conditions. Apparent activation diameters were found to decrease from 236.6 and 301.1 nm at low FSC to 146.9 and 145.6 nm at high FSC for old and modern conditions. The Köhler model (soluble particles) cannot reproduce measured activation properties. The Kelvin model (insoluble but wettable particles) provides good predictions for low FSC, but activation diameters (ratios) are increasingly overestimated (underestimated) at medium and high FSC. This indicates that the soluble fraction of the combustion particles increases from low values at low FSC level to relatively large values at high FSC. The coated sphere model, which equates the measured volatile fraction with soluble H 2 SO 4 , underestimates the activation diameter by 45 to 55% under all conditions. A small amount of semivolatile organics with low or absent water-solubility adsorbed on the combustion particles might be one reason for this discrepancy. The HTDMA model, which also assumes that the hygroscopic material is H 2 SO 4 , but estimates CCN concentrations using parameters obtained from the hygroscopicity measurements, gives the best fit to the measured data for all FSC levels.
